Primary (Mn,Fe,Ta,Nb)-bearing cassiterite with ≤0.21 wt.% ZrO 2 and ≤0.05 wt.% HfO 2 crystallized during the consolidation of the Archean Annie Claim #3 zoned, lepidolite-subtype granitic pegmatite, southeastern Manitoba, in amounts increasing from the outer to the inner pegmatite zones. Rare inclusions of tantalite and ferrotapiolite originated from transient local saturation in these phases. Sparse early cassiterite from the outer intermediate zone is rather rich in substituting elements and in part Fedominant, whereas the more abundant late cassiterite from the lepidolite core is strongly Mn-dominant and poor in the substituents. Exsolution in the primary cassiterite generated granular zirconian-hafnian ferrowodginite and wodginite enclosed in veinlets of substituent-depleted cassiterite. The Fe/Mn and Nb/Ta values of the wodginite phases mimic those of the primary cassiterite across the pegmatite zones, and Zr/Hf perceptibly decreases from the outer zones inward. Maximum contents of ZrO 2 and HfO 2 (5.98 and 1.59 wt.%, respectively; 0.31 Zr and 0.04 Hf apfu) are the highest so far encountered in wodginite-group minerals. These maxima characterize wodginite exsolved from early cassiterite; the levels drop off in wodginite exsolved in late cassiterite. Instead, hafnian zircon intergrown with abundant thorian coffinite becomes abundant in the lepidolite core, indicating a transition of Zr + Hf from octahedral sites in the oxide minerals to the much more common 8-fold coordination in the orthosilicate; this shift implies a transition from relatively alkaline to more acidic conditions. Keywords: cassiterite, wodginite, ferrowodginite, zirconium, hafnium, granitic pegmatite, Manitoba.
INTRODUCTION
Cassiterite is well known for its content of mineral inclusions and exsolved phases, both particularly common in high-temperature magmatic parageneses such as those of granitic pegmatites. The most widespread cases are represented by Nb,Ta-oxide minerals, which either predate the crystallization of cassiterite or exsolve from the (Fe, Mn, Ta, Nb)-bearing cassiterite (e.g., Rudakova 1972 , Neiva 1996 . No other elements, except for minor Ti and W, are known to enter cassiterite in quantities significant enough to control or substantially modify the mineralogy of exsolved phases.
Zirconium and hafnium have only rarely been sought in cassiterite. In the comprehensive study by Möller & Dulski (1983) , the levels of these elements were found to be negligible, and on average at a few hundreds and a few tens ppm, respectively. Here, however, we report on cassiterite from a granitic pegmatite that displays a rare dominance of Mn over Fe in its composition, and that contains Zr and Hf in quantities significant enough to generate zirconian-hafnian wodginite by exsolution.
REGIONAL SETTING AND THE PARENT PEGMATITE
The parent Annie Claim #3 granitic pegmatite is located in the southwestern margin of the Greer Lake pegmatitic granite, intruded in metabasalts of the Lamprey Falls Formation of the Bird River Greenstone Belt, in the Bird River Subprovince of the western part of the Superior province of the Canadian Shield [cf. Č erný et al. (1981) for details of regional geology].
The subellipsoidal, subhorizontal body is approximately 10 ϫ 7 meters in size, with distinct concentric zoning (Masau 1999) . The zones show an inward progression of five main types of mica (from muscovite to lithian muscovite and lepidolite), associated mainly with albite and quartz. K-feldspar is subordinate in the outermost zones and missing in the intermediate and inner zones. Accessory minerals include spessartine, cesian beryl, cassiterite, manganocolumbite, manganotantalite and rare primary wodginite, microlite, uranpyrochlore, ferrotapiolite, yttrotantalite or formanite-(Y), apatite, zircon, coffinite, uraninite and xenotime-(Y). The pegmatite and the parent pegmatitic granite do not contain any minerals of B or phosphates of Li, Al, Fe or Mn.
EXPERIMENTAL
Electron-microprobe analyses of cassiterite and the Ta,Nb-oxide minerals were performed in the wavelength-dispersion mode on a Cameca SX-50 instrument at the Department of Geological Sciences, University of Manitoba. A beam diameter of 1 to 2 m, accelerating potential of 15 kV, a sample current of 20 nA and a counting time of 20 s were used for Sn in cassiterite (and Ca, Nb, and Pouchou & Pichoir (1984 , 1985 . The lowest contents of U, Th, Pb and some other elements are below the conventional detection-limits, but comparable to the concentrations confirmed by inductively coupled plasma -mass-spectrometer analysis of other minerals under current study. Nevertheless, the quantities given below should be taken as indicative of order of magnitude, rather than at face value.
Identification of wodginite (monoclinic), which is commonly indistinguishable from ixiolite (ideally orthorhombic) by chemical composition, was a daunting task because of the minute grain-size of this phase. A chip ~0.06 mm in size was extracted from a polished thin section, unavoidably contaminated by the host cassiterite, pulverized and X-rayed in a 114.6 mm DebyeScherrer camera with a Gandolfi attachment for 11 hours, using Ni-filtered CuK␣ radiation ( = 1.5406 Å). The identity of wodginite was confirmed by, i.a., comparison with the X-ray diffraction pattern of wodginite G69-23(c), documented as a highly ordered phase by Ercit et al. (1992) , and examined here under the same conditions as the Annie Claim #3 mineral.
CASSITERITE AND ASSOCIATED PHASES
Cassiterite occurs in three zones of the pegmatite, associated with greenish muscovite in the outer intermediate zone, with silvery lithian muscovite in the inner intermediate zone, and with purple lepidolite in the core. The abundance of cassiterite increases from rather rare in the outer intermediate zone to fairly widespread in the core. The black grains range from 2 to 15 mm in size. They are usually anhedral, commonly interstitial to divergent blades of albite, cleavelandite habit; subhedral stubby prismatic crystals are found locally in quartz.
In transmitted light, cassiterite shows oscillatory growth-induced zoning, with alternating clear to tan and rusty red or reddish brown to black colors. Growth-and deformation-induced twins are revealed by the study of thin sections.
Textural relations and chemical compositions of the phases within the grains of primary (Ta,Mn)-enriched cassiterite indicate the presence of inclusions of ferrotantalite-manganotantalite and ferrotapiolite, and of exsolved grains of zirconian-hafnian wodginite in a locally (Ta,Mn)-depleted cassiterite matrix. The inclusions seem to be restricted to the dark zones of cassiter-ite from the two intermediate zones of the pegmatite. In contrast, exsolution of wodginite is encountered in both dark and pale-colored zones of cassiterite, but is much less important in the latter (Figs. 1, 2) . Extremely rare inclusions of formanite or yttrotantalite, and late veining by (Ta,Mn)-depleted cassiterite and microlite also are present but not dealt with in this paper.
Primary cassiterite
Cassiterite displays a broad range of fractionation of Mn from Fe. The Fe-dominant compositions are typical of the outer intermediate zone, but most of the samples are distinctly Mn-rich and restricted to the inner intermediate and core zones. In contrast, Ta is consistently more abundant than Nb, and the Ta/(Ta + Nb) value is randomly variable within a narrow range ( Fig. 3A ; the apparent gap in the distribution of compositions from the outer intermediate zone is probably a sampling artifact, as cassiterite is not particularly abundant in this zone). However, the overall extent of substitution of all cations for Sn is less than 9 at.% in all cases (Fig. 3B) . The highest degree of substitution is observed in cassiterite from the outer intermediate zone (Table 1 , composition 6 to 8) and gradually falls off inward (Fig. 4) . The average ZrO 2 content is 0.07 wt.% (including values below the formal detection-limits), and the maximum content is 0.21 wt.%; hafnium is in most cases not detectable by electron microprobe. The mechanisms of substitution are not clearly defined, as the contents of some elements are quite low in many cases and, consequently, prone to increased analytical error, but there should not be any doubt about the validity of the simple substitution (Ti,Zr,Hf)Sn -1 , and about the dominant (and possibly exclusive) substitution (Mn,Fe)(Ta,Nb) 2 Sn -3 . Cation sums within ±1% of 1 apfu (atom per formula unit) indicate that all the Mn and Fe is divalent.
Inclusions of ferrotantalite-manganotantalite
The chemical composition and optical behavior in reflected light leave no doubt about the identity of microscopic Ta-dominant inclusions (≤ 20 m). In the columbite quadrilateral, the compositions are scattered in an apparently random manner (Fig. 3A) Fig. 3B ). The contents of Zr and Hf are low and erratic.
Inclusions of ferrotapiolite
The chemical composition of the inclusions of ferrotapiolite (≤15 m) identifies them beyond reasonable doubt (Table 1 ). The Fe-and Ta-dominant compositions, tightly clustered in the columbite quadrilateral (Fig. 3A) , show only negligible concentrations of cations other than Mn and Nb ( Fig. 3B ). The contents of Zr and Hf are very low, at about the detection limit considering the conditions of analysis, and are nonsystematic.
Exsolution products: depleted cassiterite and zirconian-hafnian wodginite
In all three zones of the pegmatite, primary cassiterite is invariably criss-crossed by a network of irregular veinlets and blebs strongly depleted in all cations substituting for Sn; this network hosts numerous irregular grains of zirconian-hafnian wodginite. The maximum width of the veinlets is about 100 m, and the size of the wodginite grains attains locally 50 m but averages 10 m. The orientation of the depleted veinlets seems to be controlled by the crystal structure of the primary cassiterite. The depleted cassiterite is closer to pure SnO 2 in composition than the primary cassiterite. The levels of Mn, Ta, Fe and Nb are greatly reduced (Fig. 4) , and the contents of Zr and Hf are largely below the limits of detection (Table 1 ).
In contrast, the exsolved wodginite is remarkably enriched not only in Mn, Fe, Ta and Nb, but also in Zr and Hf (Table 1) . As with the primary cassiterite discussed above, the Mn/(Mn + Fe) value of wodginite from the outer intermediate zone of the pegmatite is variable. The compositions of some grains from this zone correspond to ferrowodginite, but those from the inner zones of the pegmatite are close to the end-member wodginite sensu stricto (Fig. 5A ). All compositions, however, show Ta dominant over Nb. The stoichiometry of wodginite is relatively constant, and it is shifted from that of the ideal formula to compositions with slightly lower contents of tetravalent cations and higher proportions of (Ta,Nb) and (Mn,Fe) 2+ (Fig. 5B) , with only negligible Fe 3+ calc. in a few grains. The maximum values of ZrO 2 and HfO 2 in the exsolved grains of wodginite are 5.98 and 1.59 wt.% (0.309 and 0.048 apfu Zr and Hf, respectively). Figure  6 shows that Zr/Hf is generally low, decreasing from the outer intermediate zone (average 3.17) through the inner intermediate zone (2.77) to the lepidolite core (2.61). Absolute concentrations of Zr + Hf decrease in the same direction (Fig. 7) .
The Gandolfi X-ray-diffraction pattern of the exsolved Fe-poor wodginite contains diffraction maxima of admixed cassiterite, and the number and absolute intensity of the diffraction maxima of wodginite are reduced. However, the characteristic strong doublet of 2 21 and 221 is well defined, and yielded ⌬2 (221 -221) of 0.46 o . Compared to the wodginite-group databank of Ercit et al. (1992) , this value corresponds to an interaxial angle ␤ of ~91.1 o , which characterizes this wodginite as apparently completely ordered (cf. Tables 7 and 8, Fig. 8 in Ercit et al. 1992) . However, it must be kept in mind that the effect of incorporating Zr 4+ and Hf 4+ into the B site of wodginite structure on the ␤ angle is not known, and the proportion of these cations in the ferrowodginitewodginite grains examined here is substantial. This is clearly demonstrated by the cation contents of ferrowodginite and wodginite listed in Table 1 
DISCUSSION

Crystal chemistry of cassiterite
Cassiterite, ideally SnO 2 , usually displays only a limited number of cation substituents, most commonly Fe, Nb, Ta and minor Mn and W (e.g., Clark et al. 1976 , Foord 1982 , Č erný & Ercit 1989 , Neiva 1996 . However, the style of accommodation of the substituting elements and their state are apparently rather complicated. & Ercit 1989 , Groat et al. 1994 . Additional complexities were proposed by Möller et al. (1988; tetravalent Nb and Ta?) , and Ruck et al. (1989; Fe 3+ OH substituting for Sn 4+ O 2-). Nevertheless, the maximum concentrations of the major substituents, Fe and Ta + Nb, may attain appreciable levels, which result in the so-called "staringite" (Groat et al. 1994 ).
Zirconium and hafnium are known to substitute for Sn in cassiterite but generally in only trace amounts. Möller & Dulski (1983) reported on Zr and Hf contents of 126 samples of cassiterite from diverse environments: they found maxima of 5200 ppm Zr and 420 ppm Hf, and values exceeding 1000 ppm Zr and 200 ppm Hf in only seven and five samples, respectively.
The primary cassiterite from the Annie Claim #3 pegmatite shows moderate contents of divalent and pentavalent cationic substituents, but it displays a strong dominance of Mn over Fe in most samples. This is in striking contrast to the usual Mn/(Mn + Fe) value, much less than 0.5 (cf. Rudakova 1972 , Neiva 1996 , but in general agreement with extreme fractionation of Mn from Fe, typical for other minerals of the lepidolite-sub- The contents of Zr and Hf are not exceptional, but they fall within the uppermost part of the ranges determined by Möller & Dulski (1983) . The contents of Mn, Fe, Ta and Nb, and of both Zr and Hf, decrease during the crystallization of the pegmatite (Fig. 4) , and Fe/Mn also decreases in this direction (Fig. 3A) .
Characteristics of the inclusions
The inclusions of tantalite and ferrotapiolite are rare, distributed in a random manner, and apparently independently of each other. Their compositions are not related to the boundaries of the empirically established miscibility-gap in the columbite quadrilateral, except a single composition of ferrotantalite that is not matched by a ferrotapiolite counterpart (Fig. 3A; see Č erný et al. 1992) . These two species seem to have nucleated owing to rare spots of local saturation prior to or during the growth of the enclosing cassiterite.
Exsolution of zirconian-hafnian wodginite
Textural patterns (Fig. 1, 2 ) and the compositional and volumetric interrelations of depleted cassiterite and wodginite grains (Table 1, Figs. 3, 5) all indicate that these minerals were generated by exsolution from the primary cassiterite. Given suitable low-P-T conditions and probably an action of late pegmatite-related fluids, the structure of cassiterite is evidently not tolerant of even negligible amounts of Zr and Hf, and these two elements tend to exsolve into a separate (Fe,Mn,Ta,Nb)-rich phase. Both Zr 4+ and Hf 4+ have a slightly larger r i in octahedral coordination than Sn 4+ [0.72 and 0.71 versus 0.69 Å: Shannon (1976) ], and much more ionic bonds with oxygen [~67 and ~70 versus ~47%: Pauling (1960) in Bloss (1971) ].
Attempts at quantitative calculations of the volume proportions of depleted cassiterite and exsolved wodginite relative to the chemical composition of these phases and that of the primary cassiterite proved futile; the Zr plus Hf contents of primary cassiterite, and the Zr, Hf, Nb and Ta contents of depleted cassiterite were in many cases below their detection limits, the composition of wodginite was found to be highly variable among grains within a single low-magnification backscattered electron (BSE) image, and the inclusions of tantalite and tapiolite were visually difficult to distinguish from those of wodginite. Nevertheless, image analysis adjusted for primary inclusions and modal estimates indicate that the exsolved wodginite constitutes between 10 and 20 vol.% of the veins of depleted cassiterite. The loss of Ta, Nb, Fe and Mn from primary cassiterite amounts to ~80 to 90 at.%, the exsolved wodginite contains about 10 times as much (Mn,Fe) + (Ta,Nb) as the primary cassiterite, and about 20 to 25 times as much (Zr,Hf). All these data, approximations as they largely are, support an exsolution origin of wodginite, if one considers that the structures of both minerals involved are based on chains of corner-sharing octahedra and have near-identical cation contents per unit of volume. Introduction or exchange of cations to the oxide-mineral assemblage during the breakdown must have been minimal, if any.
The exsolution of wodginite-group minerals from cassiterite reminds us of the behavior of Zr and Hf in orthorhombic phases of the columbite group (Černý et al. 1998, 1999) : columbite-tantalite contains only modest concentrations of Zr and Hf, but coprecipitated or exsolved ixiolite was shown to accommodate up to 9.55 wt.% ZrO 2 and 1.44 wt.% HfO 2 . Primary wodginite was found to have lower maximal concentrations of these oxides (2.13 and 0.71 wt.%, respectively), but to have the lowest Zr/Hf value (Černý et al. 1998, 1999) . Thus, the Zr and Hf contents of the exsolved Annie Claim #3 ferrowodginite and wodginite are the highest so far encountered in wodginite-group minerals; the combined maximum contents of Zr + Hf constitute 36% of the B site in the wodginite formula ABC 2 O 8 .
Summary of the process
Primary cassiterite, with modest contents of Mn, Fe, Ta, Nb and minor Zr and Hf, crystallized during the consolidation of the Annie Claim #3 granitic pegmatite in amounts increasing from the outer to the inner pegmatite zones. Precipitation of rare inclusions of tantalite and ferrotapiolite was triggered by local and (Masau 1999) . This distribution of Zr and Hf suggests somewhat more alkaline conditions during most of the pegmatite's consolidation (octahedral coordination of Zr and Hf in oxide phases; cf. Farges et al. 1991 , London 1990 , but a transition to a more acidic environment in the lepidolite core (and to the much more common 8-fold coordination in zircon).
